An enduring question in plant physiology and evolution is how single genotypes of plants optimize performance in diverse, often highly variable, environments.
Introduction
Plants have evolved diverse strategies to optimize fitness under stressful and unpredictable environmental conditions. The extent to which plant populations are adapted to local climates, including their ability to acclimate to within-generation variation in climate and resource limitation via plastic responses, will be a key determinant of their ability to persist in the face of climate change (Jump & Penuelas, 2005) . Classic theory on plant response to resource limitation suggests that a plant will respond linearly to the increasing availability of a single limiting resource -for example, water, light, nutrients -and will not respond to the addition of other resources until deficiency in the limiting resource is met (Bloom et al., 1985) . However, manipulative field and glasshouse experiments have revealed that interaction (i.e. nonadditivity) between plant responses to limiting resources is common (e.g. Peace & Grubb, 1982; Coleman & Bazzaz, 1992; Ackerly & Bazzaz, 1995; Elser et al., 2007; Xu et al., 2013) . Although research in the ecological tradition has long considered the multifactorial environment (Chapin et al., 1987; Mooney et al., 1991) , a functional understanding of how environmental factors act interactively -particularly at the molecular level -to affect plant fitness remains elusive (Suzuki et al., 2014; Anderegg et al., 2015) .
A conceptually related, but largely independent, body of research has revealed that seemingly disparate abiotic and biotic cues often elicit common molecular signaling pathways (Yoshioka & Shinozaki, 2009) . One example of this molecular 'cross-talk' is the observation that both cold and drying stress induce responses via abscisic acid (ABA) signaling (Yamaguchi- Shinozaki & Shinozaki, 2006) , suggesting synergism between plant responses to multiple stressors and echoing ecological research on plant responses to multiple limiting resources. Quantitative genetic experiments assessing patterns of genetic diversity in environment-by-environment interactions will be an important first step in determining the functional relationship between molecular cross-talk and plant performance in a multivariate environment. Moreover, because genotype-by-environment interaction (G 9 E) is the substrate on which artificial and natural selection may operate, species-wide patterns of diversity of response can also reveal plant functional traits which are involved in local adaptation to climate (Kawecki & Ebert, 2004 ).
Temperature and water availability are two critical determinants of plant distributions and crop yield (Stebbins, 1952; Boyer, 1982) , making a detailed understanding of their independent and interactive effects on plant cell function and organismal performance essential. Intuition, and limited evidence from manipulative experiments, suggests that some responses to elevated temperature might be maladaptive in the presence of soil drying stress, and vice versa (reviewed in Suzuki et al., 2014) . For example, antagonism might arise because sustained transpiration cools leaves under thermal stress, but could be deleterious -or simply biophysically impossible -when soil moisture is limiting (Gates, 1968) . Similarly, free proline has been observed to accumulate in Arabidopsis thaliana exposed to dry soil, which is generally regarded as an adaptive cellular response, although not when soil drying is paired with elevated temperature (Rizhsky et al., 2004) . These authors hypothesized that proline might be cytotoxic at high temperatures, although their analysis of a single genotype of A. thaliana precludes generalization. Are similar patterns observed in other species or among individuals within species?
Brachypodium distachyon is a small, diploid, annual grass species found in diverse habitats in its native and invasive ranges throughout temperate regions (Schippman, 1991; Catalan et al., 2012) . A recent study assessed the transcriptional response of a single genotype of B. distachyon to several abiotic stressors, and found that thousands of transcripts responded to elevated temperature and to drying stress . Nine hundred and ninety one genes responded to both elevated temperature and drying, suggesting possible synergism between these two stress response pathways. However, many genes responded to only one stress, and several genes were upregulated by one stress and downregulated by the second. Cao et al. (2016) recently identified several key signaling genes in Brachypodium that likewise showed contrasting transcriptional responses to temperature and osmotic stress. Additional studies have documented wholeplant responses to soil drying -at a single temperature -in diverse accessions of B. distachyon. These studies found putatively adaptive responses to drying that included increased water use efficiency (WUE) and soluble sugar concentration (Luo et al., 2011) . How might these plants respond to elevated temperature experienced concurrently with soil drying? And are these responses, whether additive or interactive, conserved among genotypes of B. distachyon?
Here, we use a quantitative genetic approach to test the hypothesis that the plant response to multiple stressors is an additive function of response to each stress experienced singly against the alternative hypothesis that the plant response to these stressors is interactive. We also test the hypothesis that three of the plant traits measured here (WUE, days to flowering following vernalization and total biomass) are associated with local adaptation to climate. Our results demonstrate, for the first time in B. distachyon, strong interactive effects of elevated temperature and water limitation on key aspects of plant performance. Further, we found significant genetic diversity in this interactive response (G 9 E 9 E) in leaf free proline abundance. Our findings, combined with the extensive genetic and genomic resources available for B. distachyon (Brutnell et al., 2015; Kellogg, 2015) , will facilitate detailed molecular functional analysis of plant genotype interactions with multidimensional environments.
Materials and Methods

Plant material and growth
We selected 35 diploid natural accessions ('genotypes') of Brachypodium distachyon (L.) P. Beauv. (Table 1 ) that spanned the southern Eurasian range of the species (Supporting Information Fig. S1 ). The accessions descend from field-collected seed inbred for more than five generations in the laboratory (Vogel et al., 2006 Filiz et al., 2009) , and genome sequences are available for each of these accessions (Gordon et al., 2014; S. Gordon et al., unpublished) . We bulked seed from each accession for one generation in a glasshouse to ensure that the seeds used in our experiments were of common age and quality, and to reduce maternal effects.
We staged our experiment across three harvests to accommodate destructive sampling needed to score multiple traits on each genotype in each environment. Each harvest consisted of 16 individuals of each accession subdivided into two split-plot experimental blocks. All plants in a given plot were planted in a single day, treated as a unit during cold stratification, growth and the application of treatment, and harvested on the same day. The total experiment consisted of 1680 plants (35 genotypes by four environments by four technical replicates by three harvests).
Plants were grown in 600 ml of Profile porous ceramic rooting medium (Profile Products, Buffalo Grove, IL, USA) in Deepot D40H pots (650 ml; Stuewe & Sons, Tangent, OR, USA). The dry weight of each pot was recorded to provide a baseline for the calculation of soil water content (WC). Pots were saturated with a 1 : 50 dilution of Liquid Grow Plant Food (Dyna-Gro, Richmond, CA, USA) by bottom watering and allowed to drip overnight to field capacity (FC). Two seeds were sown per pot and the pots were weighed to determine FC. The WC of each pot was calculated as (FC) -(dry weight); these WCs provided daily watering targets during the dry-down (see later). Pots were cold stratified at 6°C for 14 d to ensure synchronized germination.
Plants were moved as plots on sequential days from the cold to the glasshouse at Brackenridge Field Laboratory of the University of Texas at Austin, TX, USA. All plants germinated within 3 d, after which each pot was thinned to a single plant. During the initial growth period of 21 d, all plants were exposed to ambient glasshouse temperatures with daily highs ranging from 23°C to 28°C and night-time lows from 14°C to 18°C. Natural autumn sunlight was supplemented by artificial lighting to ensure light levels of 400-1000 lmol m À2 photosynthetically active radiation (PAR; mean of 825 lmol m À2 ) for 10 h d À1 (short-day conditions to prevent rapid flowering). Plants were bottom watered every second day with fresh water and once per week with fertilizer-supplemented water, as described earlier.
Following 21 d of initial growth, each plant received one of four treatments for 10 d in a split-plot design: Cool Wet (CW), Cool Dry (CD), Hot Wet (HW) or Hot Dry (HD), implemented as two plots of each temperature treatment with soil water treatment and genotype fully randomized within each plot. On the 22 nd day of growth, each block of plants from harvests 1 and 2 was transferred to one of four insulated open-top boxes measuring 100 cm wide by 240 cm long by 61 cm high. We placed Redi-Heat seedling mats (Phytotronics Inc., Earth City, MO, USA) in the bottom of two of these boxes, which resulted in an increase of c. 10°C above ambient glasshouse temperature; these plants constituted the 'Hot' treatment in which daytime highs were c. 35°C. (Because the pots hung from racks, the soil was not directly warmed by the seedling mats.) The two plots of plants without seedling mats constituted the 'Cool' treatment, in which daytime highs were c. 25°C. Within each plot, plants were randomly assigned to irrigation control ('Wet') or restriction ('Dry') treatments. Wet plants were watered to FC every second day with fresh water. Dry plants were hand watered daily by pipette such that the soil water was reduced by no more than 5% each day (i.e. all Dry treatment plants experienced approximately the same soil moisture despite differences in water use caused by plant size, leaf area or transpiration variation). Harvests 1 and 2 began on the 11 th day after the beginning of treatment and consisted of 8 d of phenotyping; for example, on day 1, Hot plot 1 was harvested, on day 2 Cool plot 1 was harvested, and so on. Pot weights were recorded at harvest and showed that the pots of Dry plants averaged 45 Marais et al., 2012) and results in a significant reduction in leaf relative water content (RWC) in B. distachyon (Des . Blocks were harvested on sequential days, such that plants had spent the same amount of time from germination through treatment.
Harvest 3 plants did not receive this initial period of stress treatment. On the 22 nd day of growth, harvest 3 plants were placed in a 6°C walk-in growth chamber with 270 lmol m À2 PAR for 12 h d À1 to stimulate flowering (Schwartz et al., 2010) . After 12 wk of vernalization, plants were returned to the glasshouse under identical conditions as the initial growth period, allowed to acclimate for 5 d, and assigned to temperature and water treatments, as earlier. On the 11 th day of treatment, the seedling mats were turned off and water was withheld from all plants until senescence; for most plants, this occurred within 14 d.
Scoring leaf-level traits
Leaf traits were scored on harvest 1 plants. Plants from both irrigation treatments in each plot were harvested together. Two fully expanded leaves were excised at the base of the lamina with a razor blade and imaged on a flat-bed scanner (Seiko Epson Inc., Tokyo, Japan). To determine leaf WC and RWC, these leaves were weighed on a fine balance, providing a measure of FW, and transferred to a 15-ml tube half-filled with deionized water with the cut edge submerged in water. Tubes were left overnight in the dark at 4°C and then the leaves were removed, spotted dry on a tissue and weighed to determine the turgid weight (TW). Leaves were then dried for 48 h at 80°C and weighed again to determine DW. Leaf WC was calculated as 100 9 ((FW À DW)/ DW) and leaf RWC was calculated as 100 9 ((FW À DW)/ (TW À DW)) (Boyer, 1995) . The projected area of the leaves was determined from the scanned images of fresh leaves using IMAGEJ. Leaf mass area (LMA) was calculated as DW/(leaf area), expressed as g m À2 . The remaining leaves on each plant were excised with a razor blade, flash-frozen in liquid nitrogen and stored at À80°C. This tissue was subsequently lyophilized in a freeze-drying system (Labconco, Kansas City, MO, USA) and ground to a fine powder. Lyophilized samples (typically 50-100 mg) were extracted with 1 ml of 80% methanol. For Wet samples, the entire extract was dried in a Speed-Vac (Thermo Fisher, Waltham, MA, USA) and resuspended in 200 ll of water for proline assays. For Dry samples, a portion (200 ll) of the extract was dried in a SpeedVac and resuspended in water for proline assay. Proline was New Phytologist quantified by the acid-ninhydrin assay in a 96-well plate format (Bates et al., 1973; Verslues, 2010) . The proline content of leaves is presented here as lmol g À1 dry leaf weight.
Scoring whole-plant traits
Whole-plant traits were scored from harvest 2 plants. In this harvest, 10 ABR8 plants, four Bd3-1 plants, two Bd21-3 plants, one Bd2-3 plant and one Bd18-1 plant flowered during the treatment period. Flowering plants occurred in all four treatments (5 HW, 2 HD, 3 CD, 8 CW). Complete above-ground (AbvGrd) tissue was excised at soil level and dried at 80°C for 48 h. Roots (below-ground, BlwGrd) were washed of potting medium and then dried. AbvGrd and BlwGrd tissues were weighed separately. AbvGrd tissues were ground to a fine powder and analyzed for d 13 C (as a proxy for lifetime integrated WUE), carbon (C) content and nitrogen (N) content using mass spectrometry at the University of California at Davis Stable Isotope Facility (http:// stableisotopefacility.ucdavis.edu/13cand15n.html).
Date of first flower and fitness measures
Harvest 3 plants were used to measure the date of first flower and lifetime fecundity. Plants were scored daily for flowering, reported as the number of days between removal from the cold room and the first visual sign of an awn emerging from a tiller. Four Bd3-1 individuals, one ABR8 individual and one ABR7 individual flowered before the beginning of the stress period. Seeds were harvested once plants had senesced and dried in their pots. In our experience, viable seeds can be readily identified by their hardness scored by pressing a single seed between the thumb and forefinger; we counted all such seeds from each plant as a measure of lifetime fitness.
Quantitative genetic analyses
We fitted linear mixed models to partition variance in each trait by the experimental factors genotype, water treatment, temperature treatment, all two-and three-way interactions, and glasshouse bench (block). Unless otherwise noted, all statistical analyses were performed using PROCMIXED in SAS v.9.3 (SAS Institute, Cary, NC, USA). To account for our split-plot design (one Hot plot and one Cool plot were sited on each of two glasshouse benches), we also fitted a bench and bench-by-temperature treatment interaction (Littel et al., 2006) . For the traits scored by mass spectrometry, we fitted a term to account for two sessions on the spectrometer. Water treatment ('W'), temperature treatment ('T') and their interaction ('T 9 W') were modeled as fixed effects, and the significance for these factors was determined using F-ratio tests. Variance components for genotype ('G'), G 9 W, G 9 T, G 9 T 9 W, bench, bench by temperature interaction and, where relevant, mass spectrometer batch were modeled as random effects using restricted maximum likelihood. Significance for random effects was determined by removing each factor from the full model, refitting the model and performing likelihood ratio tests. In this context, a significant genotypic effect indicates the presence of genetic variation in that trait, a significant effect of temperature or water treatment indicates trait plasticity, a significant interaction between genotype and either treatment factor indicates genetic diversity in plastic response (G 9 E), and an interaction between temperature and water treatment indicates that the response to the treatments was nonadditive. Broad-sense heritability for each trait was estimated separately in each environment as the proportion of total phenotypic variance (V p ) in a trait explained by genotype (V g ) in the mixed model. We used z-tests to determine whether V g was greater than zero.
Past research in herbaceous plants has identified a significant negative correlation between days to flowering and WUE (McKay et al., 2003; Sherrard & Maherali, 2006; Kenney et al., 2014; Manzaneda et al., 2015) . To test whether these traits were correlated in our dataset, we used the approach of Fry (2004) to estimate genetic covariances between them and to test whether their covariance was greater than zero.
Climate associations
We tested for a significant correlation between the crossenvironment means and plasticities of days to flowering, total plant biomass and d 13 C with parameters describing climate at the site of origin for each accession. We estimated genotypic means for each accession in each environment as LSMeans using PROCMIXED with Satterthwaite degrees of freedom and including experimental plot as a random effect. We used three cross-treatment contrasts to encompass the phenotypic diversity of response observed in our experiments: CW vs CD, HD vs CW and HW vs CW. The results of all three contrasts were similar, and so we present here only the results of the HW vs CW contrast. Interannual variability in precipitation for the years 1948-2009 was calculated using NCAR/ NCEP Reanalysis data (Kalnay et al., 1996) . Long-term average climate data were taken from Worldclim (Hijmans et al., 2005) .
For annuals, such as B. distachyon, that occupy climates with high seasonality, climate conditions during the growing periods may be most relevant for explaining trait divergence among populations. We used Worldclim data to predict the growing season for each accession. Here, we defined the growing season as the months in which the mean temperature was at least 4°C and when sufficient moisture was available following the United Nations Food and Agriculture Organization (FAO) model for dryland crops (http:// www.fao.org/geonetwork/srv/en/metadata.show?id=73). The FAO model requires precipitation in a given month to be at least 0.4 9 potential evapotranspiration (PET). Furthermore, precipitation greater than monthly PET can be stored in soil up to a maximum capacity (smc) for each accession's home environment (http://daac.ornl.gov/SOILS/guides/DunneSoil.html). Stored soil moisture (ssm) was transferred to the following month as: ssm tþ1 ¼ maxð0; minðsmc; ssm t þ rainfall t À PET t ÞÞ As a result, months in which rainfall + ssm is at least 0.4 9 monthly PET are also considered growing season months, that is, when:
as months in which the mean temperature is > 4°C and for which PET is at least 0.4.
We summarized multivariate climate using principal component (PC) analysis and found that the first three PCs explained 86% of climate variation; therefore, we focused on the identification of trait associations with these first three climate PCs. Climate PC loadings are listed in Table S1 .
For bivariate comparisons between climate of origin and our common garden phenotypes, we calculated nonparametric Spearman's rank correlations to accommodate nonlinear and heteroscedastic data. For comparisons between climate and plasticity phenotypes, we used linear models to incorporate both mean trait and plasticity associations with climate. That is, we fitted models of climate of origin where covariates were mean trait and plasticity. Here, plasticity was calculated from the genotypic LSMean values for the three contrasts as (CD-CW), (HD-CW) and (HW-CW).
Controlling for multiple testing
We adjusted all P values obtained from statistical tests in the ANOVA, heritability estimates and climate correlations using a false discovery rate with the p.adjust call in R.
Results
Response of B. distachyon to water deprivation, temperature and their interaction Mixed-model ANOVAs revealed that all traits, except days to first flower, responded to our water treatment, temperature treatment or the interaction between the two (Table 2) . Notably, most traits displayed an interactive effect of the treatments. Temperature and water level interacted to affect plant lifetime fitness, expressed either as total seed count on the absolute scale (F 1,429 = 6.97, P = 0.020; Fig. 1a ) or log-transformed seed count (F 1,429 = 4.00, P = 0.046). On either scale, plants in the HW treatment tended to be most fit, whereas plants in the HD treatment were the least fit; there was, however, considerable variance among accessions in these effects (see later). The change in trait values under drying as a function of temperature was highly variable among traits. Proline showed the most striking pattern (F 1,70.3 = 37.75 and P < 0.0001; Fig. 1b) , with no difference between the HW and CW treatments, but significantly higher proline in the HD treatment compared with CD (result of slice test, P = 0.033). LMA (F 1,476 = 8.43 and P = 0.010 for T 9 W; Fig. 1c ) and root mass ratio (RMR; F 1,34.7 = 6.69 and P = 0.031 for T 9 W; Fig. 1d ) also showed strong interaction between temperature and water treatments. Generally, there were stronger differences in these traits between temperatures in the Dry environment, although the specific contrasts of effects were nonsignificant in our experiment: plants in the Hot environments tended to have higher LMA (denser leaves; results of slice test, P = 0.34), but lower RMR (as a result of generally larger AbvGrd tissue; results of slice test, P = 0.17), relative to plants in the Cool environments. By contrast, WUE (F 1,68.4 = 5.75 and P = 0.041 for T 9 W; Fig. 1e ) and leaf N (F 1,468 = 11.38 and P = 0.002 for T 9 W; Fig. 1f ) tended to show a stronger effect of temperature in the Wet environments, although, again, the specific contrasts were not significant at a = 0.05 (slice test for WUE, P = 0.25; slice test for leaf N, P = 0.24). It should be noted that our split-plot experimental design provides greater power to detect water treatment effects than temperature treatment effects because the water treatment was completely randomized within plots which varied the temperature levels.
Two of the studied traits did not display significant interactive effects of the two treatments, but did show a significant main effect of one or both of the treatments. Plant AbvGrd tissue in the Dry treatments was 23.6% lower than that in the Wet treatments (F 1,33.7 = 81.8, P < 0.0001). AbvGrd tissue showed a significant response to the temperature treatment, with plants being, on average, 6.3% larger at the higher temperature (F 1,34.5 = 8.28, P = 0.016). The interaction between temperature and water was nonsignificant for AbvGrd tissue (F 1,34.6 = 0.05, P = 0.904). Leaf C content was slightly higher in the Dry environment (400.2 mg g À1 dry leaf in Dry treatment vs 390.8 mg g À1 in Wet treatment; F 1,472 = 187.5, P < 0.0001), and the interaction between water and temperature was nonsignificant (F 1,471 = 3.19, P = 0.137).
Diversity of response
We detected genetic variation in response to soil drying (G 9 E; Table S1 ). Most notably, there was significant G 9 E for fitness in our water treatment, observed whether fitness was expressed as total seed count on the raw scale (likelihood ratio test for genotype 9 water term G = 14.8, P < 0.0001; Fig. 2 ) or logtransformed (G = 7.7, P = 0.006). Considerable difference in genetic variance for fitness among environments was apparent; in some cases, the rank of genotypic fitness changed between environments (Fig. 2) . We also detected a significant G 9 W term for leaf N (G = 15.3, P < 0.0001; Fig. S2k ) and the ratio of leaf C to N (G = 9.9, P = 0.005; Fig. S2l ). Leaf N was higher in the Wet treatment in all genotypes, suggesting that G 9 W for the C : N ratio is driven by genetic variation in the magnitude of the increase in leaf N. No traits showed significant G 9 E for temperature at a = 0.05.
Proline was the only trait with significant G 9 W 9 T, that is, genetic variation in the interactive effects of temperature and water availability (G 9 E 9 E; likelihood ratio test G = 20.8, P < 0.0001). Genotypes differed in both the magnitude and, in some cases, the direction of their proline response to water and temperature (Fig. S2d) . Generally, genotypes accumulated more proline in response to the drying treatment, but varied considerably in the extent to which temperature enhanced this response: Adi-10 produced 3.29 more proline and BdTR2g produced 2.89 more proline when drying was combined with high temperature, as compared with drying in the cool environment. By 
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New Phytologist contrast, BdTR9k showed no difference in proline content among the four environments (Tukey-Kramer honestly significant difference (HSD) test at a = 0.05). Notably, no genotype produced less proline in the HD environment when compared with the CD environment.
Several interesting patterns were observed with respect to heritability estimates across the four treatments, probably reflecting differences in genetic variance among environments (Table 3) . Proline had very low heritability in the CW (0.04) and HW (0.05) environments, but moderate heritability in the CD (0.33) and HD (0.27) environments. The opposite pattern was observed for LMA: heritability in the CW (0.23) and HW (0.18) environments was much higher than that in the CD (0.00) and HD (0.09) environments.
Contrary to previous research (McKay et al., 2003; Kenney et al., 2014; Manzaneda et al., 2015) , we found no significant genetic correlation between days to flower and WUE in any of the four sampled environments (data not shown).
Correlations between measured traits and climate of origin
We tested for the role of the traits measured here in local adaptation to climate by regressing parameters describing each accession's climate of origin (Garvin, 2016) on the genotypic means of WUE, total plant biomass and days to flowering. We focused on these three plant traits because of their high heritabilities observed across our experimental treatments and because of previous work suggesting a key role for the traits in determining plant fitness in natural and agricultural settings (McKay et al., 2003; Condon et al., 2006; Kooyers et al., 2014) . Here, we present the results of associations with the cross-environment trait means and plasticities contrasting our CW and HD treatments (i.e. the most divergent pair of conditions); the results of the contrasts between (CW and HW) and (CW and CD) were similar (data not shown). We also observed strong correlations between climate variables and genotypic means of traits averaged across all four treatments (Fig. S3) .
We observed a significant negative correlation between days to flowering and climate PC1 (F = 11.15, P = 0.017; Fig. 3a) . Climate PC1 loads positively with summer temperatures and negatively with several climate parameters describing early summer precipitation (Table S1 ). These associations indicate that early-flowering accessions of B. distachyon come from habitats with relatively warm, dry summers. At a = 0.1, we also observed a negative correlation between d 13 C and climate PC3 (results of ANOVA: F = 6.53, P = 0.067; Fig. 3b ), which was positively associated with isothermality (a measure of low annual variability in temperature) and winter temperatures, and negatively associated with early spring precipitation. (It should be noted that more negative values of d 13 C indicate lower WUE.) The association between WUE and climate PC3 indicates that low WUE plants are found in climates with relatively mild winters. This negative regression was partly influenced by the very high WUE and high latitude accession ABR9. However, the rank correlation between d 13 C and climate PC3 was also significant (rho = À0.38, P = 0.0287). 
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Climate PC2 showed two interesting trait associations and described an axis positively loaded with autumn precipitation, as well as the length and temperature of predicted growing seasons, and negatively loaded with altitude and PAR. Climate PC2 was negatively correlated with total plant biomass (F = 13.63, P = 0.067; Fig. 3c ), indicating that larger plants are derived from populations at higher elevations with short growing seasons and high PAR. Climate PC2 was negatively correlated with plasticity in d 13 C after accounting for climate mean d
13
C effects (F = 4.87, P = 0.095; Fig. 3d ), indicating that larger accessions found at higher elevation where PAR is relatively high are also more plastic in their WUE.
Discussion
Three major conclusions arise from our analysis of natural variation in B. distachyon: first, there is considerable genetic diversity in the magnitude and, in some cases, the direction of trait response to changes in abiotic conditions among natural accessions; second, there is a strong interaction between the effect of temperature and water availability on traits; third, there is evidence that natural variation in flowering time, plant biomass and WUE are associated with local adaptation to climate. We discuss these conclusions in the context of the evolution and study of environmental responses in plants, and as they relate to B. distachyon as a model for understanding plant-environment interactions.
Temperature-by-water interaction
The mechanisms of the plant response to environmental cues acting singly or in combination are of tremendous interest to ecologists, evolutionary biologists and plant breeders. The preponderance of empirical studies have imposed independent stresses, whilst acknowledging that the field environment presents plants with a complex mix of biotic and abiotic factors (Passioura, 2007; Mittler & Blumwald, 2010) . Several studies have explored the interaction between water limitation and moderately (Havaux, 1992) , to strictly additive responses for traits related to growth and biomass in A. thaliana (Vile et al., 2012) to strongly interactive and antagonistic effects on proline accumulation in A. thaliana (Rizhsky et al., 2004) and on photoinhibition in diverse species (reviewed by Chaves, 1992) .
Here, we investigated the interaction between soil WC and temperature variability in a factorial glasshouse experiment using a model grass species. We found that most traits respond to the combined treatment in a manner not directly predicted from responses to individual stressors, varying in magnitude and, in some cases, direction. Contrary to our expectations, most genotypes realized highest seed yield and biomass in our HW (35°C and ample soil moisture) treatment, suggesting that our hightemperature treatment was not stressful when water was plentiful for most genotypes. A practical interpretation of this result is that future studies of B. distachyon -particularly the reference genotype Bd21 (see bold line in Fig. 2 ) -may benefit from growth at higher temperatures than is currently common (Hennig, 2010) . Plants had lowest fitness in our HD treatment, although the large differences in fitness among accessions (both G and G 9 E) obscured clear patterns between treatments (i.e. fitness in HD was not significantly lower than fitness in CD).
Traits showed differing patterns of temperature-by-water interaction (Fig. 1) . In some cases, the interaction suggested that high temperature exacerbated the effects of drying. This pattern was seen for proline (Fig. 1b) , as plants generally accumulated more proline when confronted with soil drying and elevated temperature as compared with soil drying alone. This leaf-level pattern indicates that the HD treatment is analogous to a stronger drying treatment and may have increased the experienced cellular osmotic or redox stress as compared with CD (it should be noted that our experimental procedure ensured that all Dry pots had the same soil WC, regardless of temperature and genotypic factors). Of note is the high proline abundance in the HD environment, contrasting with the findings of Rizhsky et al. (2004) that proline or one of its biosynthetic intermediates is toxic under heat stress in A. thaliana. Several other recent studies have likewise failed to replicate this earlier result in tobacco (Demirevska et al., 2010; Cvikrova et al., 2013) and two grass species (Gargallo-Garriga et al., 2015) .
In contrast with proline, RMR and WUE showed steeper responses to drying under cool temperatures than at high temperature (Fig. 1d,e) . For some accessions, the moderate change in RMR was caused by increased AbvGrd tissue; this pattern of increased above-ground biomass in response to elevated temperature was observed previously in natural accessions of A. thaliana (Vile et al., 2012) . Increased RMR under soil drying is frequently observed and is interpreted as a dehydration avoidance strategy to increase the extraction of soil water (Kramer & Boyer, 1995) .
Increased WUE indicates greater C fixation per unit water consumed and is observed during soil drying in many species (Van den Boogard et al., 1997; Heschel et al., 2002; Donovan et al., 2007; Des Marais et al., 2012) . We observed a moderate effect of temperature on WUE response to drying; the temperature 9 water term was significant, but specific contrasts between temperatures in each moisture treatment were not. Temperature interacts with soil drying to affect stomatal conductance and photosynthesis in complex ways. The relationship between d 13 C and WUE can be temperature dependent as a result of the effects of temperature on the carboxylation and diffusion of CO 2 (Brooks & Farquhar, 1985) . Stomatal conductance remained high in lupins grown at elevated temperature, regardless of soil WC, possibly as a result of the benefits of transpirative cooling at elevated temperatures (Correia et al., 1999) . Havaux (1992) likewise reported a possible beneficial interaction between elevated temperature and dehydration in tomatoes: irreversible inhibition of PSII was observed in plants exposed to elevated temperature in the absence of water stress, but PSII recovered in plants experiencing both elevated temperature and dehydration. Havaux speculated that drying stress leads plants to protect PSII from additional stressors. In other species, however, elevated temperature exacerbates the effect of soil drying as a result of enhanced photoinhibition (Chaves, 1992) . The rank-changing temperature-by-water interaction for WUE, observed here, suggests that there may be some constraint in acclimation to both high temperature and soil drying in B. distachyon, albeit a fairly small constraint under the conditions tested here. Additional research is necessary to dissect the complex effects of this temperature and water interaction on stomata and photosynthesis in B. distachyon; Bd2-3, which was one of the few accessions showing a WUE temperature response, and ABR2, which showed nearly no such response, might make an interesting contrast in this regard (Fig. S2j) .
Brachypodium distachyon and the abiotic environment
The native range of B. distachyon encompasses considerable climatic diversity, extending from the Iberian peninsula east to Iraq, in both southern Europe and north Africa (Fig. S1 ). Recent environmental niche modeling has shown that precipitation most strongly defines the native geographical range of B. distachyon in relation to its annual congeners Brachypodium stacei and Brachypodium hybridum (L opez-Alvarez et al., 2015) . (It should be noted that all accessions in our study are diploid B. distachyon sensu Catalan et al. (2012) ). Manzaneda et al. (2015) have recently assessed the genetic diversity of B. distachyon under well-watered and uncontrolled soil drying conditions. They used a panel of Iberian natural accessions, and found that most accessions reduce stomatal conductance and C gain when exposed to drought stress, resulting in an increase in lifetime-integrated WUE, as observed in the present study.
The results of our trait-climate association analysis suggest that natural populations of B. distachyon are locally adapted to climate gradients through mechanisms that include the timing of flowering and WUE. Total plant biomass likewise shows strong climate associations. Days to flowering following vernalization is strongly negatively associated with summer temperature and positively associated with summer rainfall (Fig. 3a) , suggesting that rapid-flowering accessions may have adopted this phenology to avoid poor summer growing conditions at their place of origin. Accessions located at the two extremes of climate PC1 illustrate 
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New Phytologist this pattern. The rapid-flowering accession Bd21 is native to northern Iraq, where hot, dry summers are observed, whereas the ABR3 accession from the Pyrenees is slow to flower and experiences moderate summer temperatures and year-round precipitation (Fig. 4) . We also see a trend for larger accessions from our common garden study to originate from higher elevations where growing seasons are short and PAR is high (Fig. 3c) . Interestingly, the diploid annual species B. stacei is smaller and found at lower elevations with more xeric conditions than B. distachyon (L opez-Alvarez et al., 2015) . WUE, approximated here by d 13 C, shows several interesting patterns in our analyses. First, contrary to several studies in the herbaceous annual Arabidopsis thaliana (McKay et al., 2003; Kenney et al., 2014) , and an earlier study in B. distachyon (Manzaneda et al., 2015), we did not observe a genetic correlation between WUE and days to flowering. These different findings may be because we subjected our plants to a longer vernalization treatment than did Manzaneda et al., and thereby probably reduced the expressed genotypic differences in flowering time, although other experimental differences between the studies (day length, temperature, specific accessions included) may also have led to different results.
A second interesting pattern with WUE is the observation that it is correlated with climate: low WUE accessions are found in locations with mild winters and dry springs (Fig. 3b) . These environments may select for rapid growth as a result of unpredictable soil moisture availability. We also found that plasticity in WUE is significantly associated with a climate PC describing variation in altitude, PAR and growing season length (Fig. 3d) . Plasticity in WUE was recently highlighted as a possible key factor in population persistence in the presence of climate change (Nicotra et al., 2010) .
A considerable challenge with the interpretation of these patterns is that there are few published data on the natural history of B. distachyon in its native habitat (Des . Although we can assess broad associative patterns of adaptation to climate, the value of a detailed understanding of species phenology (e.g. timing of germination, growth and reproduction) is evident. Brachypodium distachyon frequently occurs in highly seasonal environments (L opezAlvarez et al., 2015) , where the selective effect of potential abiotic stressors at a given time of year is conditional on plant developmental status. A better understanding of the timing, frequency and duration of environmental stress during a growing season will illuminate the role of plasticity and the G 9 E 9 E observed herein for local adaptation to climate.
Implications of environmental interactions for plant evolutionary and functional studies
Plants experience a complex multidimensional environment in the field (Passioura, 2007; Suzuki et al., 2014; Anderegg et al., 2015) , although plant function is rarely studied in ways that allow the partitioning of single and interactive effects. Interactions are predominant in factorial studies that explicitly test for interactions (Chapin et al., 1987; Des Marais et al., 2013) and, as such, researchers should exercise caution when interpreting single treatments or when deploying agricultural traits optimized for single environments without a better understanding of their mechanisms of interaction. Environment-byenvironment interaction may, in part, explain the considerable challenges in 'scaling up' our understanding of molecular and physiological mechanisms -derived largely from studies conducted in two-level environmental contrasts -to provide meaningful insights or agricultural improvement at the wholeplant scale (Passioura, 2010) . Additional genetic studies, such as those performed here, assessing multiple environmental parameters in factorial experiments, may facilitate better genotype-to-phenotype models. Fig. S1 Climate diagrams for the place of origin for each of the studied accessions. 
